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Abstract
The focus of this chapter is to consider additional functionalities beyond 
the regular display function of an active matrix organic light-emitting diode 
(AMOLED) display. We will discuss how to improve the resolution of the array 
with OLED lithography pushing to AR/VR standards. Also, the chapter will give an 
insight into pixel design and layout with a strong focus on high resolution, enabling 
open areas in pixels for additional functionalities. An example of such additional 
functionalities would be to include a photodetector in pixel, requiring the need to 
include in-panel TFT readout at the peripherals of the full-display sensor array for 
applications such as finger and palmprint sensing.
Keywords: AR, VR, OLED, readout, TFT, high resolution, extra functionalities, 
fingerprint, additional, functionalities, lithography, in-panel, high resolution, 
photodetector
1. Introduction
Active matrix OLED (AMOLED) displays are today’s mainstream consumer 
displays available in various form factors, such as smart watches, mobile displays, 
and large area television. They are highly appealing because of their wide view-
ing angles, nice color saturation and great potential for curved, flexible and/or 
rollable format. There are several options for (flexible) backplane technologies 
based on thin-film transistors (TFTs), namely, metal-oxide TFTs (such as indium 
gallium zinc oxide or IGZO), low-temperature polycrystalline silicon (LTPS) TFTs, 
or a combination of IGZO and LTPS, more precisely LTPO or low-temperature 
polycrystalline silicon and metal oxide. All these technologies have their pros and 
cons. Among others, IGZO semiconductors are n-type only which is sufficient for 
a backplane driving an OLED but is less adequate for peripheral circuits. Another 
key important asset of IGZO is the ultralow source-drain leakage current due to the 
large bandgap of the semiconductor, enabling long retention times of data storing, 
i.e., pixels are not leaking. In contrary, LTPS has both n- and p-type devices and 
thus the capability of CMOS circuits. LTPS transistors can drive larger currents 
due to the intrinsically higher mobility, enabling complex in-pixel compensation 
schemes and peripheral circuits. However, with LTPS transistors the leakage will be 
larger. This is a key reason why LTPO has been developed: this technology combines 
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Figure 1. 
Color-by-white vs. RGB OLED frontplane can be fabricated on top of CMOS or TFT backplane. Each 
combination is suitable for different applications.
the ultralow leakage current of IGZO and a p-type LTPS transistor resulting in 
a hybrid complementary technology. An OLED is an organic LED emitting light 
directly proportional to its forward current. Therefore it requires a current source as 
driver in the pixel. In many cases, this is achieved by placing a TFT in series with the 
OLED and driving it in saturation.
In this chapter, we will investigate the potential to embed additional functionalities 
in the display. Therefore, several strategies will be discussed focusing on improving 
the resolution of the current displays, by technology optimization introducing photoli-
thography patterning of the OLED and by design evaluating external compensation vs. 
internal compensation. The extra space in the pixel, due to the combination of photo-
lithography and simple pixel circuit, provides opportunities to include extra functions 
at the same original area. The focus in this book chapter is to add a photosensitive 
detector for fingerprint and palmprint readout.
2. Display resolution roadmap for various applications
Resolution (number of pixels) and pixel pitch (size and spacing of pixels) are 
two main parameters defining the architecture of the display arrays. The first, 
expressed typically in megapixels, is standardized by the content type, resulting in 
different generations of TVs: VGA, full HD, 4K, and, most recently, 8K. The latter, 
expressed typically in pixels per inch (ppi) or pixels per degree (ppd), is used as a 
benchmark for smartphones, with high-end models featuring densities in the range 
of 600 ppi. This is a value that gives a good enough image quality for hand-held 
devices, with the viewing distance of approximately 30 cm (1 foot). At the same 
time, future near-to-eye augmented reality/virtual reality (AR/VR) displays impose 
ultrahigh definition, as the pixel density needs to be beyond the pattern resolving 
capabilities of the human retina (30 cycles per degree) [1, 2]. The resolution should 
be maximized to provide the highest possible output within the eye box in any 
given point of the 180° field of view (FOV), also to enable foveated rendering.  
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An aperture ratio close to unity will eliminate the screen door effect and ensure 
natural experience. Transparency is necessary to avoid sense of isolation from the 
real-world view and to diversify from the virtual reality (VR) headsets (Figure 1). 
To realize all of the above, we need both the microdisplay-like pixel pitch down-
scaling [3] and the flat-panel-display-like (FPD) backplane size up-scaling [4, 5]. 
Switching to advanced nodes in flat panel backplane manufacturing can result in 
ultrahigh-definition, direct-view AR displays fabricated in a cost-effective way.
3. Lithographic patterning of OLEDs to increase resolution
In order to realize an ultrahigh resolution display, all elements of the system 
(backplane, frontplane, and driving) need to provide appropriate pixel density. On 
the frontplane side, several options for the light source can be chosen (Figure 2). 
OLED technology currently dominates the smartphone display industry not 
only with performance but also with the cost structure. In this case, the colors 
are defined by depositing separate device stacks for each color, which is typically 
referred to as side-by-side, red-green-blue (RGB) array. In OLED TVs, one common 
white OLED stack is combined with a color filter array (CFA). The limitation of 
the side-by-side RGB array is the pixel density, limited by the fine metal masking 
(FMM) technology, which uses deposition through a metal mesh. The white OLED 
array can achieve very small pixel pitch, which is only limited by the backplane and 
CFA resolution but imposes brightness loss due to CF transmission. Patterning mul-
ticolor OLEDs by photolithography can address the needs of ultralow pixel pitch for 
the future AR displays by realizing side-by-side OLED stacks with extreme density.
Patterning OLEDs by photolithography is an emerging, disruptive fabrication 
technique. The main challenge is the extreme chemical sensitivity of OLED materials 
with solvent, moisture, air, and temperature exposure responsible for performance 
degradation. The choice of appropriate photolithography chemistry is crucial, with 
fluorinated [6] or non-fluorinated systems [7] as the dominant options. Figure 3 
shows the concept of using a negative-type photoresist to define patterns on top of 
OLED in a subtractive approach. First, the OLED stack is deposited as a plain layer 
over the entire substrate, on top of a pixel definition layer (PDL). This defines the 
active area of the light emitter. Second, photoresist is deposited on top of the entire 
substrate. Then, it is exposed through a lithography mask and developed to obtain 
the required pattern. Afterwards, the OLED layers that are not covered by the 
 photoresist are etched away (typically with dry etching, such as reactive ion etch).  
In the end, the photoresist is stripped to achieve patterned OLED islands.
Figure 2. 
Various display configuration options.
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Photolithography allows pattern transfer beyond 1 μm resolution, enabling 
high-density lines and spaces. Transfer of small islands means that, with appropri-
ate alignment (e.g., with an i-line stepper), a pixel density of a few thousand pixels 
per inch (ppi) can be realized. Transfer of openings means that pixel spacing can 
be minimized, resulting in a high aspect ratio. This is applicable for both TFT-based 
flat panel displays and CMOS-based microdisplays. Tests on patterning the OLED 
emission layer have shown that it is possible to achieve 1 μm pitch lines and spaces 
(Figure 4). Furthermore, the photoluminescence signal of the EML is maintained 
proving compatibility of this process with OLED material. 1 μm presented here is 
not a fundamental limit of the approach but rather a limit of the lithography mask 
design used in the experiment.
The achievable pixel density of the frontplane is limited not only by the 
photoresist used but also by the critical dimension (CD) and alignment/over-
lay accuracy of the litho tools used. In the i-line steppers typical for flat panel 
Figure 3. 
Process flow for photolithography patterning of OLED stacks.
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manufacturing, the achievable CD is 1.5 μm with an overlay between 0.25 and 
0.5 μm. In contrast, CMOS fabs used for microdisplay manufacturing feature 
more advanced semiconductor nodes, with 248 nm KrF or 193 nm ArF light 
sources. Assuming a minimum PDL opening (defining the active area) of 
500 nm, a 1.5 μm node imposes a density limit of 3500 ppi (for RGB) with an 
aperture ratio below 5%. Going to KrF steppers, the achievable density increases 
to 10,000 ppi while keeping the aperture ratio above 35%. This demonstrates the 
need of a tooling upgrade for future AR displays, both for the frontplane and the 
backplane. Denser and more efficient packing of pixels requires scaling down of 
the technology node, especially in FPD manufacturing.
OLED patterning by photolithography means that the deposition of the stack is 
interrupted (vacuum break) and the photoresist interacts with the organic materials. 
In the most simple case, the photolithography process is performed in a clean room 
in ambient atmosphere. The devices are loaded back into the glove box after the etch 
step for each color and after the photoresist strip when all colors are finished. This 
raises a serious challenge for the device lifetime. If the process is not optimized for 
compatibility with the stack, the current-voltage-luminance (IVL) curve shifts to the 
right (increased turn-on voltage) and to the bottom (reduced luminance). As a con-
sequence, the brightness of the patterned OLED drops very fast and disappears even 
after a few minutes (Figure 5). Optimization of the photoresist system, of the OLED 
stack [8] and of the fabrication process, is needed to achieve OLED performance 
enabling implementation into devices. At imec, we demonstrated phosphorescent 
green OLED with T90 lifetime of >150 h at the starting brightness of 1000 nit. 
Efficiency remained above 85 cd/A before and after patterning. Current performance 
is considered an important step on the path to industrial technology readiness level, 
estimated to be T97 of at least 1000 h (for the green stack) [8].
Figure 4. 
OLED patterns of 1, 2, 3 and 4 μm: optical and corresponding photoluminescence pictures of red EML 
patterned as lines (left) and spaces (right).
Figure 5. 
IVL and lifetime curves for reference OLED and the possible effects of degradation by patterning.
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Figure 7. 
Passive 1250 ppi patterned OLED display with 1400 × 1400 pixels, 10 μm subpixel pitch, and independent 
color driving: general view (left) and detailed view for different color drivings (right).
Figure 6 shows an example comparison of unpatterned and patterned OLED 
lifetime curve at initial brightness of 1000 nit. The performance improvement can 
bring the two curves closer together.
OLED photolithography was used to fabricate passive displays with a 1400 × 
1400 pixel array (almost 2 megapixels). 6 μm metal lines and 10 μm line pitch 
with SiN pixel definition layer (PDL) were used on glass substrate. Green and red 
OLED stacks were deposited by thermal evaporation in ultrahigh vacuum. After 
deposition of the first color (until above emission layer), photoresist was spin-
coated, baked, exposed, and developed. Then, the OLED stack not covered by the 
photoresist was removed by dry etching. After that, the sample went back to the 
ultrahigh vacuum chamber for second color deposition, and the patterning process 
was repeated, this time finishing with stripping the photoresist. A semitranspar-
ent top contact stack was subsequently deposited, and the display was encapsu-
lated with cavity glass. Both colors can be driven separately, and the PDL design 
allows for emission of a fixed image specified for each color (Figure 7). Subpixel 
pitch of 10 μm resulted in smooth edges and excellent feature representation. The 
device was tested for tens of hours with both colors on. No drop of brightness nor 
appearance of defects could be observed [9].
Figure 6. 
Lifetime curves of a phosphorescent green OLED at 1000 nit starting brightness for unpatterned and 
patterned stack.
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This fabrication process is compatible with both CMOS backplanes and flex-
ible TFT backplanes. The frontplane can thus be implemented in an active matrix 
display. Of course, photolithography can be used several times to realize more colors 
for a full-color display.
4. Increased resolution by pixel driving techniques
To increase the display resolution, not only the technology (backplane and front-
plane) but also the pixel driving techniques should be optimized. The OLED light 
output is dependent on the drain current of the driving TFTs of the AMOLED dis-
plays. Due to inherent variations in AMOLED displays, some compensation methods 
to the drain current of the TFTs are required to achieve uniform brightness. This can 
be implemented through either in-pixel compensation [10] or external compensa-
tion [11, 12]. Since in-pixel compensation schemes typically require more transistors 
inside the pixel, external compensation methods are preferred for high-resolution 
applications. Figure 8 shows pixel circuits and a possible layout for in-pixel compen-
sation, using an 8T1C [10] pixel, and external compensation using a 3T2C [11] and, 
respectively, a 2T1C [12] pixel. For all these layouts, the same design rules were used. 
It is clear from this figure that a display with external compensation, especially the 
2T1C pixel circuit, can achieve a much higher pixel density.
The achievable pixel density depends on both the pixel circuit and the design 
rules imposed by the technology, such as the critical dimension (CD) of the lithog-
raphy tool. Figure 9 compares the achievable resolutions for different CDs for the 
8T1C, the 3T2C, and the 2T1C pixel circuit. Although the CD of 1.5 μm, as currently 
achievable with typical i-line steppers, only yields a maximum pixel density of 565 
ppi for the 8T1C pixel circuit, the same CD already yields a significant improvement 
for the pixel circuits using external compensation, namely, 847 ppi for the 3T2C pixel 
Figure 8. 
Pixel circuits and corresponding layouts for (left) 8T1C, (middle) 3T2C, and (right) 2T1C pixels.
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circuit and 1210 ppi for the 2T1C pixel circuit, respectively. Furthermore, improve-
ments in technology allowing smaller CD will even further increase the achievable 
pixel density, up to 9070 ppi for the 2T1C pixel circuit, when using a CD of 0.2 μm.
The compensation principle for the 3T2C pixel circuit relies on the fact that 
applying a voltage on the backgate of a transistor will shift the threshold voltage (VT) 
of that transistor. By applying the correct compensation voltage to the backgate of 
the drive transistor of each pixel, all VT variations can be eliminated, resulting in 
a more uniform display. This compensation method uses three different modes of 
operation for the display. The first mode of operation is the calibration mode. In this 
mode, the correct compensation voltage is determined for each pixel by applying 
a certain reference voltage to the frontgate and measuring the current through the 
pixel while varying the backgate. When the measured current matches a predeter-
mined reference current, the voltage on the backgate is the correct compensation 
voltage, which will be stored both on the capacitor connected to the backgate and 
in external memory. Once the correct backgate voltage is set for every pixel, the 
display can be switched to normal operation. In this mode, the display is driven 
with the normal video data, which is written to the frontgate of each pixel. Since the 
CAL signal is low in this mode, the charge on the capacitor will remain, and hence 
the backgate voltage will be the compensated voltage. However, due to leakage, this 
charge will slowly change over time. Therefore, a third mode of operation is added, 
namely, the calibration refresh. In this mode, the SEL signal is kept low, but the CAL 
signal is running through the display, while the compensation data is applied to the 
data lines. This way the compensation voltage is restored on the backgate, to ensure 
the VT uniformity remains over time. This compensation method shows a significant 
improvement in current variation, as demonstrated in Figure 10.
The current through the drive TFT (IDS), and thus through the OLED, when 
operating in saturation regime can be calculated for a certain data voltage (VGS) by 
using Eq. (1):
  I DS =  
μ ∗  C ox  _
2
 ∗  W _
L
  ( V GS −  V T ) 2 = β ∗  ( V GS −  V T ) 2 (1)
Compensating only for VT can eliminate variations in current for one gray 
level; however, if the β-factor is different for each pixel, the current will still vary 
for different gray values, even after VT compensation. This is shown in Figure 11 
for the 3T2C pixel. As a consequence, we propose a new compensation method 
Figure 9. 
Pixel resolution vs. critical dimension (CD) for various pixel schemes.
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to compensate for both β and VT variations. Similarly as the previous described 
compensation method, we will first characterize the current through each pixel for 
multiple data voltages, whereafter the measurements are fitted to Eq. (1).
For each pixel, the extracted β and VT values are stored. Based on these values, 
the VGS voltages can be calculated for each pixel by the driver IC for each desired 
gray level by using Eq. (2):
  V GS =  √ 
_
  I DS  _
β
 −  V T (2)
This calculation is relative simple and straightforward, as it only requires a mul-
tiplication, a subtraction, and a square root calculation, which enables to display 
real-time video content by using this methodology. Figure 11 shows the current 
variation improvements directly obtained from our AMOLED displays, by utilizing 
the VT-only compensation method and comparing it to the VT and β compensa-
tion method. As mentioned above, the simple VT compensation method provides 
good variation results for a small range, whereas the combined parameter method 
improves the variation across all desired gray levels.
Figure 10. 
Current variation of a 3T2C display before and after compensation.
Figure 11. 
Current variation of a 3T2C and 2T1C display before and after compensation.
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5. Adding a fourth pixel for finger/palmprint sensing
Fingerprint sensor arrays (Figure 5.1) [13] are becoming a mainstream security 
mechanism for mobile devices and are today available as autonomous silicon-based 
component. The integration of the fingerprint sensor array together with AMOLED 
displays [14–16] would benefit the footprint of the mobile device and the function-
ality, enabling detection of multiple fingers at once or even a palmprint.
5.1 Side by side/under/over display pixel
Fingerprint sensors combined with AMOLED displays can be realized in three dif-
ferent configurations for the sensor pixels: (1) in the same plane of the display pixels 
and (2) under and (3) over the display pixels (Figure 12). With sensors in the same 
plane, the display module gains optical sensing capability by incorporating photo-
detector pixels between OLED pixels. Sensors, under or above the display, require 
a separate fingerprint module. A fingerprint module under the display would need 
a semitransparent display and light scattering management. A fingerprint module 
over the display requires a transparent imager to avoid changes in display emission. 
In the previous section, we have demonstrated that a higher resolution backplane can 
be achieved at the same critical dimension by introducing external compensation 
methods. This combined with the photolitho-based patterning method of OPD and 
OLED will the crucial enablers for such a configuration as analyzed in Paragraph 3.
5.2 Passive/active sensor pixel
The pixel circuit architecture of the sensor array can be either passive or active 
[17]. The passive pixel is depicted in Figure 13 and is comprised by the photoele-
ment, a capacitor, and a select TFT. The main difference of the active pixel is that it 
requires an extra TFT acting as a local amplifier. For high-resolution applications, 
the active pixel is not recommended, since its footprint is larger than the footprint 
of passive pixels.
5.3 Integrated readout circuit
The integration of peripheral readout circuitry in panel side-by-side with the 
display peripherals is beneficial for resolution, connectivity, and potential lower 
system cost of the device. In this paragraph TFT-based integrated readout is demon-
strated by using our IGZO n-type only TFTs.
Figure 12. 
Fingerprint integration configurations in AMOLED displays.
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The necessary blocks to implement an in-panel readout system are a charge 
sense amplifier (CSA), a multiplexer (MUX), and an analog to digital converter 
(ADC). The CSA is reading out the charge stored in each pixel of the array. The 
MUX is multiplexing the CSA outputs directly to the ADC, decreasing the number 
of the required ADC converters. The ADC is converting the analog voltage received 
from the CSA to a digital code. Various TFT-based analog blocks have been demon-
strated in the literature [18–24]. Metal-oxide TFT technologies are preferable due 
to uniformity over large areas, very low leakage currents, and lower cost over area. 
In the following section, fast and small footprint ADCs and charge sense amplifiers 
(CSA) are discussed to meet the specifications of an in-panel fingerprint array.
In Figure 13, the high-level block diagram of the in-panel readout system is 
shown. The five main blocks are detailed: a two-dimensional (2-D) image sensor 
array, the CSAs connect on each row of the array, a multiplexer connects four or 
more rows (MUX), and ADC connects to every MUX and off-panel power and 
driving electronics. Each column of the 2D image sensor array is readout from the 
corresponding row by a CSA. The pixels are readout subsequently enabled by the 
“SELECT” signals from the columns and converted to digital code through the MUX 
and an ADC. The MUX enables a larger footprint for the ADC, up to 4 to 8 times 
larger compared to a single line (50 μm). Hence, the ADC and MUX needs to be 4 
to 8 times faster than the CSA. A 1–2 fps readout of 1M pixel imager (1000 × 1000 
pixels) sets a readout speed of 1–2 kS/s per line for each CSA. This translates to 4–8 
kS/s for the ADC if a 4:1 MUX is used or 8–16 kS/s for a 8:1 MUX. The slower ADC 
configuration sets the specification limitation to the width of the ADC to 200 μm, 
whereby the faster allows a width of 400 μm.
5.4 Dual-gate metal-oxide technology
Figure 14 (a) depicts the cross section of the dual-gate self-aligned metal-oxide 
(MO) technology on a 15-μm-thick polyimide film [25, 26]. The metal-oxide 
(IGZO or ITZO) TFTs are fabricated with two metal gates (M0, M1) and source-
drain metal contacts (M2). An additional metal layer (M3), not shown in the cross 
section, is beneficial for footprint but also for performance and noise. The CSA 
experimental results shown in the following sections are designed with an extra 
metal layer, also used as anode layer.
Figure 14(b) shows the distribution of the extracted on-current (ION) from 
the measured transfer characteristics of 480/20 (μm/μm) IGZO (red) and ITZO 
(orange) dual-gate TFTs. The IGZO TFTs exhibits a median ION of 54.4 μA, whereas 
Figure 13. 
Block diagram of the proposed in-panel fingerprint sensor array with integrated CSA for each line, multiplexer 
(MUX), and ADC. Power and driving electronics remain off-panel.
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Figure 15. 
Microphotos of the (a) ADC and (b) L = 3 μm CSA on flexible substrate.
the ITZO dual-gate TFT exhibits a median of 250.4 μA. Although the ION of the 
ITZO TFT is 5 times larger, the normalized spread of ION to the median over the 
wafer is double (15.4% for ITZO and 8.8% for IGZO). Threshold voltage is also 
extracted from the same measurements, yielding 1.16 V (and σVt = 242 mV) for 
ITZO and 1.77 V (and σVt = 94 mV) for IGZO TFTs. The 480/20 TFT is the largest 
footprint TFT used in the implemented designs. In Figure 15, microphotos of the 
(a) ADC and (b) the L = 3 μm CSA are shown.
5.5 Charge sense amplifier
The schematic of the CSA is shown in the Figure 16(a). The schematic of the 
operational amplifier (OPAMP) used in the CSA is shown in Figure 16(b). The 
OPAMP comprises a differential pair and a load that is driven by a two-stage buf-
fer, initiated by a start-up circuit. The driver consists of two diode-connected load 
inverters as input and output stages. The output stage is driven by a start-up circuit to 
initialize the operation and provide ~1 loop gain positive feedback bias to the n-type 
load of the differential amplifier such that gate voltage follows source voltage. A buf-
fer is also included at the output nodes A and B to increase the speed of the amplifier.
The experimental results of open-loop experiments of the OPAMP are shown 
in Figure 17 for dual-gate self-aligned IGZO TFTs of minimum channel length of 
L = 5 μm. The maximum gain for the 5 μm design is 43.2 dB with a phase margin of 
52°. Both parameters are critical for stable closed-loop operation of an OPAMP. The 
Figure 14. 
(a) Cross section of dual-gate self-aligned metal-oxide technology on flexible polyimide substrate and 
(b) extracted on-current (ION) from experimental data of 480/20 (μm/μm) dual-gate self-aligned ITZO (red) 
and IGZO (orange) TFTs.
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obtained bandwidth (BW) is 1.4 kHz, and gain-bandwidth reaches 205 kHz. These 
specs are compared to other publications in the state-of-the-art Table 1 using TFTs. 
The footprint of the CSA is 0.28 mm2 with the capacitors. The footprint of the CSA can 
be decreased to 0.07 mm2 if 3 μm design is implemented. These footprints will result in 
a bezel width of 5.5 mm (L = 5 μm) and 1.3 mm (L = 3 μm) [27] for a 50 μm pixel size.
5.6 Analog to digital converter
The successive approximation C-2C architecture is selected as ADC architecture, 
due to the low power dissipation and the 0.1% uniformity of metal-insulator-metal 
capacitors across large-area thin-film wafers. The schematic of the ADC is shown in 
Figure 18. The comparator is the most critical building block of the ADC for speed 
Figure 16. 
Schematic of (a) charge sense amplifier (CSA) and (b) the OPAMP schematic using dual-gate self-aligned 
TFTs used in the CSA in (a).
Figure 17. 
Experimental bode plots of the OPAMP using dual-gate self-aligned IGZO technology for L = 5 μm.
Liquid Crystals and Display Technology
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Figure 18. 
The implemented SADG TFT ADC block diagram driven with offset compensation.
and accuracy. To improve the accuracy of the comparator, open-loop offset can-
celation [28] is used. The response of a L = 5 μm dual-gate self-aligned TFT-based 
comparator at 10 kHz for two inputs ΔVin = 0 and 10 mV is shown in Figure 19. The 
offset of the comparator is minimized to less than 10 mV using open-loop cancel-
ation, even though the Vt variation of the TFTs is one order larger.
The experimental results of the reconstructed samples from a sinusoidal analog 
wave applied at the input of the IGZO ADC are shown in Figure 20(a). The IGZO 
ADC achieves 6-bit resolution at a sampling speed of 133 S/s at 15 V power supply 
using a L = 20 μm comparator. The clock speed of the IGZO ADC is at 2 kHz match-
ing the bandwidth of the comparator, and 15 clocks are required to complete the 
conversion. Two options are available to increase the sampling speed of the ADC as 
set by the specification for 1–2 fps fingerprint readout: channel length downscaling 
and/or change of TFT technology or change of ADC architecture to flash but then 
for 6-bit the area might increase dramatically due to the multiple resistors needed 
and 64 comparators.
The minimum length of the TFTs of the measured ADC is L = 20 μm. The 
length of the TFT of the comparator of the ADC defines the speed of the circuit. 
Circuit This work 2018 [11] 2012 [8] 2013 [10] 2014 [9]
Supply (V) 15 15 10.5 5 50
Gain (dB) 43 32 ~21 18.7 19.2
GBW (kHz) 205 140 2 472 100*
pm (o) 52 53 50* neg 46
Area (mm2) 0.28 0.3 Discrete 2.08 —
Substrate PI PI PI Glass
L (μm) 5 5 10 6 10
*Estimated.
Table 1. 
In-Ga-Zn-O-TFT differential amplifier comparison.
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In Figure 19 the response of the L = 5 μm comparator is shown validating 10 kHz 
operation, 5 times faster compared to the 20 μm comparator used in the ADC. This 
indicates that 5 μm comparator can increase the sampling speed by 5 times.
Another option to enable a larger increase of the ADC speed is to introduce 
ITZO TFT for the ADC. ITZO TFT exhibits 5 times larger ION which leads to faster 
Figure 19. 
Measured comparator output with auto-zero offset cancelation for designs using TFTs of minimum L = 5 μm at 
10 kHz.
Figure 20. 
(a) The applied analog input of 2.061 Hz sinewave signal to the ADC and the reconstructed output points from 
the digital output of the ADC at a clock frequency of 2 kHz for IGZO and (b) the applied analog input of 
15.625 Hz sinewave to the 15 kHz clocked ITZO ADC and the reconstructed output.
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responses [Figure 20(b)]. The ITZO ADC achieves a similar bit resolution of 
the applied sinusoidal wave at 1 kS/s sampling speed and at 10 V supply voltage. 
Combining both ITZO and downscaling of the length of the TFTs of the compara-
tor will lead to sampling speeds above 4 kS/s as required for the in-panel readout 
system of 1 fps. The power dissipation of the ITZO ADC is at 550 μW at 10 V power 
supply and at 110 μW at 15 V power supply for the IGZO implementation.
In conclusion, TFT-based in-panel analog circuits for 1 fps readout of a finger-
print or palmprints array is presented in this paragraph. The circuit blocks can be 
integrated side-by-side to the flat panel display with integrated sensor array. Two 
analog blocks are discussed, being an analog to digital converter and charge sense 
amplifier. ADCs and CSA downscaling to 5 μm including a 500% ION boost of the 
ITZO TFTs enable the 4 kS/s operation specifications for the in-panel readout 
circuits. The use of complementary technologies such as LTPS or LTPO would result 
an increased performance for important parameters such as the gain-bandwidth 
and the resolution and speed of the ADC. This will enable a better optimized 
system for this application.
6. Conclusions
In this book chapter, we have discussed a roadmap to include additional func-
tionalities on displays by adding a fourth pixel to the display. The purpose of the 
fourth pixel in this work was a photodetector pixel to realize an in-panel fingerprint 
or palmprinting function. Several options have been discussed to enable this 
roadmap. At first, we have elaborated several techniques to realize higher-resolution 
frontplane (OLED) and TFT backplanes. For the frontplanes, photolitho patterning 
of the OLED was introduced as a disruptive technology impacting significantly the 
frontplane resolution. External compensation techniques for the backplane when 
driving OLEDs are proposed in this book chapter, resulting in a uniform and higher-
resolution display by using only 2T1C schemes. As photodetector pixel, we proposed 
a passive 1 T pixel, with included peripheral circuits to enable a lower system cost.
© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
17
AMOLED Displays with In-Pixel Photodetector
DOI: http://dx.doi.org/10.5772/intechopen.93016
[1] Balram N, Tošić I. Light-field 
imaging and display systems. 
Information Display. 2016;32(4):6-13
[2] Reichelt S, Häussler R, Fütterer G, 
Leister N. Depth cues in human visual 
perception and their realization in 
3D displays. In: Proceedings of SPIE 
7690, Three-Dimensional Imaging, 
Visualization, and Display 2010 and 
Display Technologies and Applications 
for Defense, Security, and Avionics IV, 
76900B, 14 May 2010. 2010
[3] Tsushima Y. Super Hi-Vision (8K) 
Produces Stronger Depth Sensation than 
4K and Hi-Vision (2K). Japan: Niigata; 
2014
[4] Kawashima S, Shishido H, Oshita S, 
Yoshitomi S, Yamashita A, Ishitani T, 
et al. 18-5: A 1058-ppi 4K ultrahigh-
resolution and high aperture LCD 
with transparent pixels using OS/OC 
technology. SID Symposium Digest of 
Technical Papers. 2017;48(1):242-245
[5] Ghosh A, Donoghue EP, Khayrullin I, 
Ali T, Wacyk L, Tice K, et al. 18-1: 
Invited paper: Ultra-high-brightness 
2K x 2K full-color OLED microdisplay 
using direct patterning of OLED 
emitters. SID Symposium Digest of 
Technical Papers. 2017;48(1):226-229
[6] Zakhidov A, Lee J-K, DeFranco J, Hang 
Fong H, Taylor PG, Chatzichristidi M, 
et al. Orthogonal processing: A new 
strategy for organic electronics. Chemical 
Science. 2011;2(6):1178-1182
[7] Malinowski PE, Ke Atsushi T-H, 
Vicca NP, Kronemeijer AJ, Laurens MAJ, 
van der Steen S, et al. 44-1: Invited 
Paper: Photolithography as Enabler of 
AMOLED Displays beyond 1000 ppi - 
Malinowski [Internet]. SID Symposium 
Digest of Technical Papers/Wiley Online 
Library. 2017. Available from: https://
onlinelibrary.wiley.com/doi/abs/10.1002/
sdtp.11715 [cited 14 January 2020]
[8] Ke TH, Malinowski P, Nakamura A, 
Wuyts M, Gu D, Lee J-H, et al. Effect 
of integrated protection layer on 
photolithographic patterned organic 
light emitting diodes. In: 23rd 
International Display Workshops—
IDW [Internet]. 2016. pp. 1187-1188. 
Available from: https://lirias.kuleuven.
be/1733178 [cited 14 January 2020]
[9] Malinowski PE, Ke T-H, 
Nakamura A, Liu Y-H, Vander Velpen D, 
Vandenplas E, et al. High resolution 
photolithography for direct view active 
matrix organic light-emitting diode 
augmented reality displays: Organic 
light-emitting diode lithography as 
enabler for hi-res displays. ournal of 
the Society for Information Display. 
2018;26(3):128-136
[10] Kim C. Pixel Circuit and Organic 
Light-Emitting Diode Display Including 
the Same [Internet]. 20170148383. 
USA: United States Patent and 
Trademark Office; 2017. Available from: 
http://www.freepatentsonline.com/
y2017/0148383.html [cited 14 January 
2020]
[11] Verschueren L, Ameys M, De 
Roose F, Steudel S, van der Steen J-L, 
Gelinck G, et al. 35-2: 40x current 
variation reduction enabled by an 
external VT-compensation scheme 
for AMOLED displays using a 3T2C-
pixel circuit with dual-gate TFTs. SID 
Symposium Digest of Technical Papers. 
2018;49(1):437-440
[12] Verschueren L, Ameys M, 
Velazquez Lopez M, Smout S, Ke TH, 
Vandenplas E, et al. 38-4: A 2T1C 
AMOLED display with external 
compensation reducing on-panel 
current variations to 0.079 percent. In: 
SID Symposium Digest of Technical 
Papers. 2020
[13] Akkerman H, Peeters B, van 
Breemen A, Shanmugam S, Tordera D, 
References
Liquid Crystals and Display Technology
18
van der Steen J-L, et al. 39-3: Printed 
organic photodetector arrays and 
their use in palmprint scanners. SID 
Symposium Digest of Technical Papers. 
2018;49(1):494-497
[14] Qin Y, Wang H, Liu Y. P-215: 
Organic-inorganic hybrid thin-
film photo-detector for fingerprint 
recognition. SID Symposium Digest of 
Technical Papers. 2018;49(1):1604-1606
[15] Zhou X, Zhang M, Xu Y, Zhou W, 
Wang K, Nathan A, et al. 39-2: Highly 
sensitive a-Si:H PIN photodiode 
gated LTPS TFT for optical In-display 
fingerprint identification. SID 
Symposium Digest of Technical Papers. 
2018;49(1):490-493
[16] Cho A-T, Liu Z, Liu K, Yang F, 
Mo Q , Hsu J, et al. 76-4: Late-news 
paper: Flat panel fingerprint/touch-
input image sensor using a-Si TFT 
photo-transistor and four-mask 
process architecture technology. SID 
Symposium Digest of Technical Papers. 
2018;49(1):1024-1027
[17] Karim KS, Nathan A, Rowlands JA. 
Amorphous silicon active pixel sensor 
readout circuit for digital imaging. 
IEEE Transactions on Electron Devices. 
Jan 2003;50(1):200-208
[18] Lin W-M, Liu S-I, Lin C-F. A CBSC 
Second-Order Sigma-Delta Modulator 
in 3um LTPS-TFT Technology. Taipei, 
Taiwan: IEEE; 2009. pp. 133-136
[19] Papadopoulos NP, De Roose F, van 
der Steen J-LPJ, Smits ECP, Ameys M, 
Dehaene W, et al. Toward temperature 
tracking with unipolar metal-oxide 
thin-film SAR C-2C ADC on plastic. 
IEEE Journal of Solid-State Circuits. 
2018;53(8):2263-2272
[20] Tai Y-H, Chiu H-L, Chou L-S, Chang 
C-H. Boosted gain of the differential 
amplifier using the second gate of the 
dual-gate a-IGZO TFTs. IEEE Electron 
Device Letters. 2012;33(12):1729-1731
[21] Zysset C, Munzenrieder N, Petti L, 
Buthe L, Salvatore GA, Troster G. IGZO 
TFT-based all-enhancement 
operational amplifier bent to a radius 
of 5 mm. IEEE Electron Device Letters. 
2013;34(11):1394-1396
[22] Garripoli C, van der Steen 
J-LPJ, Smits E, Gelinck GH, Van 
Roermund AHM, Cantatore E. 15.3 
an a-IGZO asynchronous delta-sigma 
modulator on foil achieving up to 
43dB SNR and 40dB SNDR in 300Hz 
bandwidth. In: 2017 IEEE International 
Solid-State Circuits Conference (ISSCC) 
[Internet]. San Francisco, CA, USA: IEEE; 
2017. pp. 260-261. Available from: http://
ieeexplore.ieee.org/document/7870360/ 
[cited 14 January 2020]
[23] Papadopoulos N, Steudel S, 
Roose FD, Eigabry DM, Kronemeijer AJ, 
Genoe J, et al. In-panel 31.17dB 140kHz 
87μW unipolar dual-gate In-Ga-Zn-O 
charge-sense amplifier for 500dpi 
sensor Array on flexible displays. In: 
ESSCIRC 2018—IEEE 44th European 
Solid State Circuits Conference 
(ESSCIRC). 2018. pp. 194-197
[24] Kim K, Choi K-Y, Choi D-H, Lee H. 
P-51: A-IGZO TFT based operational 
amplifier and comparator circuits for 
the adaptive DC-DC converter. SID 
Symposium Digest of Technical Papers. 
2014;45(1):1164-1167
[25] Upadhyay R, Steudel S, Hung M-P, 
Mandal AK, Catthoor F, Nag M. Self-
aligned amorphous indium-tin-zinc-
oxide thin film transistors on polyimide 
foil. ECS Journal of Solid State Science 
and Technology. 2018;7(4):P185-P191
[26] Kronemeijer AJ, Akkerman H, 
Steen J-L van der, Steudel S, Pendyala R, 
Panditha P, et al. P-127: Dual-gate self-
aligned IGZO TFTs monolithically 
integrated with high-temperature 
bottom moisture barrier for flexible 
AMOLED. SID Symposium Digest of 
Technical Papers. 2018;49(1):1577-1580
19
AMOLED Displays with In-Pixel Photodetector
DOI: http://dx.doi.org/10.5772/intechopen.93016
[27] Papadopoulos N, Steudel S, 
Smout S, Willegems M, Nag M,  
Ameys M, et al. 9-1: Invited paper: 
Metal-oxide readout electronics based 
on indium-gallium-zinc-oxide and 
indium-tin-zinc-oxide for in-panel 
fingerprint detection application. SID 
Symposium Digest of Technical Papers. 
2019;50(1):95-98
[28] Enz CC, Temes GC. Circuit 
techniques for reducing the effects of 
op-amp imperfections: Autozeroing, 
correlated double sampling, and 
chopper stabilization. Proceedings of 
the IEEE. 1996;84(11):1584-1614
